Na-incorporated ¢-tricalcium phosphate (¢-TCP) was synthesized via the solid-state reaction method and a substitution mechanism for Na ions in the synthesized materials has been investigated by X-ray absorption near-edge structure (XANES) analysis. In addition, total electronic energy calculations within density functional theory were also carried out to obtain the most energetically favorable substitution site for Na ions in ¢-TCP. Both the spectroscopic and computational analysis indicate that substituted Na ions are likely to occupy Ca(4) site in ¢-TCP.
Introduction
Calcium phosphate based materials have been extensively studied because of their potential medical and dental applications for substitutions of human bone and teeth. Among such calcium phosphates, tricalcium phosphate (TCP), Ca 3 (PO 4 ) 2 , has been widely investigated due to its biocompatibility and bioactivity in human body. It has been confirmed that TCP crystallizes in three stable polymorphs, i.e., ¢, ¡ and ¡A phases, depending upon the temperature. 1) In order to increase their bioactivity in human body, doping technique has been often employed, i.e., additional elements are incorporated in these TCPs. For instance, it was reported that bone reforming rate is improved by doping of Zn ions in ¢-TCP.
2) In order to understand the mechanism of such improvement of the bioactivity due to the doping of additional ions, it is essential to know the local environment of doped ions in the matrix calcium phosphate in an atomic scale. For the structure analysis, X-ray diffraction (XRD) technique has been widely employed, which can determine not only the crystal structure but also substitution site of incorporated ions with the Rietveld analysis when the concentration of incorporated ions are high enough. However, it is difficult to determine the substitution site of dilute dopants only with the XRD analysis. To overcome such difficulty, we have developed the analytical method of local environment of dilute dopant by combined use of X-ray absorption near-edge structure (XANES) measurements and the first-principles calculations. This method has been applied to various types of dopants in number of functional materials and we could successfully determine the local environment of the dilute dopants. 3, 4) In our previous studies, local environments of Mn 5) and Zn 6) ions in ¢-TCP were investigated using the above analytical method. In the current study, local environment of monovalent Na ions, Na + , incorporated into ¢-TCP has been investigated by the above method, i.e., XANES and first-principles calculations. In addition, total electronic energy calculations with full relaxation of atomic positions and cell shapes were carried out in order to obtain most energetically favorable substitution site for Na ions in ¢-TCP using the plane-wave basis first-principles calculations.
Experimental Procedures
Samples of Na-incorporated ¢-TCP were fabricated using the solid-state reaction method. Commercially available high purity powders of CaHPO 4 , CaCO 3 and NaHCO 3 were used as starting materials. For the precise weighing, CaHPO 4 and CaCO 3 powders were dried in air at 473 K and 773 K, respectively, for 30 min. Three kinds of samples with different Na concentrations, i.e., x = 0.00, 0.15 and 0.30 in Ca 3¹x/2 Na x (PO 4 ) 2 , were weighed. These weighed powders were clashed and mixed in an agate mortar, and calcined in air for 6 hours at 1273 K.
X-ray absorption near-edge structure (XANES) measurements were carried out at BL-2A in UVSOR, Okazaki, Japan, in which total electron yield method was adopted. The incident beam was monochromatized by the beryl (1010) double-crystal monochromater. Sample powders were put on the carbon adhesive tape, which was attached on the first Cu-Be dinode of the electron multiplier.
Calculation Procedures
The all-electron augmented plane-wave plus local orbital (APW+lo) package, WIEN2k, 7) is employed to obtain theoretical Na-K XANES spectra of Na ions substituted at Ca sites in ¢-TCP. The muffin-tin radii of Ca, Na, P and O were 1.8, 1.8, 1.4 and 1.4 a.u., respectively, and the planewave cut-off, K max , was set to 3 Ry 1/2
. A k-point mesh of 2 © 2 © 2 is sampled in the reciprocal space using the Monkhorst-Pack scheme. 8) A generalized gradient approximation 9) was employed for the exchange-correlation functional. The core-hole effect is directly introduced by removing one electron from 1s orbital of incorporated Na ion and putting additional electron at the bottom of the unoccupied band, which approximately corresponds to the final state of the Na-K X-ray absorption process. Theoretical XANES profile is obtained by a product of partial density of state of the Na p-component in the unoccupied bands and the radial part of the transition probability from Na 1s to p state within the selection rule of the electric dipole transition. The calculated spectrum was broadened by the Gaussian function with the width of 1.0 eV. The energy of the spectrum is shifted by the difference in total electronic energy of the calculated cells between initial (ground) and final (coreholed) states. Prior to the calculations of Na-K XANES spectrum for Na ions incorporated in ¢-TCP, that of NaCl with rock-salt structure was calculated using 4 © 4 © 4 super-cell (128 atoms) of primitive cell. Core-hole is introduced at 1s orbital of one of the Na ions in the cell. The muffin-tin radii of Na and Cl were 1.8 and 2.0 a.u., respectively, and other calculation parameters, K max , k-mesh and exchange-correlation functional were same as for Naincorporated ¢-TCP. It should be noted here that super-cell is necessary to reduce the interaction between core-holes, which appears due to the three dimensional periodic boundary condition in the current calculations.
For the precise calculations of total electronic energies of the Na incorporated ¢-TCP models with full relaxation of atomic positions and cell shapes, the plane-wave basis projector augmented wave code, Vienna ab-initio simulation package (VASP), 10) was employed. For the exchangecorrelation functional, the generalized gradient approximation 9) was employed. After careful convergence tests with respect to the plane wave cutoff, the plane wave cutoff was set to 500 eV. Only ¥-point was sampled in the Brillouinzone for all calculations to reduce the computational costs.
Results and Discussion
All the synthesized powders were examined by the powder X-ray diffraction (XRD) technique by Cu K¡ irradiations. Resulting XRD patterns are shown in Fig. 1 , which shows all the powders are single phased ¢-TCP without any secondary phases. The lattice parameters, a and c in a hexagonal unit cell, of these powders obtained by the least-square fitting of the observed XRD patterns are a = 1.0407, 1.0411 and 1.0411 nm and c = 0.37371, 0.37309 and 0.37253 nm for Na-free and Na-incorporated ¢-TCP with x = 0.15 and 0.30, respectively. Tendency of the changes in cell parameters agrees well with the earlier experiments, 11) i.e., a is almost identical but c decreases as increase of Na concentration.
Observed Na-K XANES spectra of Na-incorporated ¢-TCP are shown in Fig. 2 together with that of NaCl for reference. The spectral fine structure of Na-incorporated ¢-TCP is different from that of NaCl, which suggests that local environment of Na + ions in ¢-TCP is slightly different from that in NaCl. However, it is difficult to determine the local environment or substituted site of Na + ions in ¢-TCP only from this type of comparison between experimental spectra, i.e., the experimental fingerprint type analysis is difficult for this purpose. This is because no experimental fingerprints can be prepared, in general, for this type of incorporated ions. Then the theoretical calculations are mandatory for such purpose, i.e., for preparing the theoretical fingerprints to be compared with the experimental profiles. Firstly, the calculated Na-K XANES spectrum of NaCl is compared with the experimental one in Fig. 3 . Characteristic features of the observed XANES spectrum, which are labeled from A to E, are well reproduced by the present calculation, if the calculated spectrum is shifted by ¹10.0 eV (¦E/E = 0.9%).
Next we build the Na-incorporated ¢-TCP models. There are five crystallographically independent sites in ¢-TCP, 12) which are labeled as Ca(1), Ca(2), Ca(3), Ca(4) and Ca (5) . A hexagonal structured unit cell of ¢-TCP consists of 273 atoms, which is shown in Fig. 4 . 13) This hexagonal cell can be reduced to the rhombohedral cell with 91 atoms (Ca 21 (PO 4 ) 14 ). There are six Ca 2+ at Ca(1), Ca(2) and Ca(3) sites, respectively, and two Ca 2+ at Ca(5) site, and one Ca 2+ at Ca(4) site, since the site occupancy of Ca (4) is approximately 1/2.
12) The atomic positions of Ca ions in this rhombohedral cell are schematically shown in Fig. 5 . In the calculations of Na-K XANES spectra for Na-incorporated ¢-TCP, one of the Ca 2+ ions, i.e., one of Ca (15), is replaced by Na + ion and add an electron in the cell to keep the calculated cell electrically neutral. Calculated Na-K XANES spectra for Ca(15) are shown in Fig. 6 with the experimental one. Calculated spectral profile of Ca(4) model shows the best agreement with the experimental fine structures, which suggests Na ions are substituted at Ca(4) site. It should be noted here that calculated spectra are corrected by ¹10.0 eV as for the case of NaCl.
Another type of the first-principles calculations were also carried out to investigate the favorable configurations of Na substitution sites in ¢-TCP from a viewpoint of total electronic energy. We assume the substitution of two Na + at two Ca 2+ sites, which leads to the fact that the vacancy at Ca(4) must be filled with Ca 2+ or Na + , i.e., Ca 2+ 2Na + in the calculated cell, which can keep the cell electrically neutral. In total, 28 types of representative configurations were examined changing the positions of substituted two Na + ions in the rhombohedral cell as used for the above XANES calculations. Calculated total electronic energies after geometry optimizations with full relaxation of atomic positions in the cell and cell shapes are summarized on Table 1 . As shown in this table, the energy of the model when both of the two Na + ions are substituted at Ca(4) sites is extremely low among these models. This result means that the Na + ions are most likely substituted at Ca(4) site from the first-principles total energy calculations, which supports the XANES analysis with the aid of the all-electron first-principles Local Environment Analysis of Na Ions in ¢-Tricalcium Phosphatecalculations.
Conclusion
Na-incorporated ¢-TCP was synthesized by the conventional solid-state reaction method. Substitution mechanism of Na ions in ¢-TCP was investigated by the two methods, i.e., (1) XANES analysis with the aid of the all-electron first-principles calculations and (2) plane-wave basis firstprinciples total energy calculations. Both of the above analysis show the incorporated Na + ions are substituted at Ca(4) site in ¢-TCP.
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A B Fig. 6 Comparison of Na-K XANES spectra of Na-incorporated ¢-TCP between observed (top) and calculated (bottom) ones. Calculated XANES spectra are for Na ions substituted at five different Ca sites. Calculated spectra are shifted by ¦E = ¹10.0 eV (¦E/E = 0.9%) as that for NaCl. 
